A study was carried out by ultraviolet-visible (UV-vis) and Fourier transform infrared (FTIR) spectroscopies to establish the efficiency of adsorption of fluoxetine hydrochloride (FLU), onto a into the β-CD cavity, and a physical adsorption with the polymer network. The inclusion compound can be stabilized by the formation of H-bonds between the -CF 3 group of FLU and the 6 0 -OH group of β-CD, and van der Waals interactions between the FLU aromatic ring and β-CD cavity. The data from a kinetic study have also indicated that the adsorption process was well described by the pseudosecond-order kinetic model, in which the initial adsorption rate and constant were estimated at 1.938 mg/g min and 0.075 g/mg min, respectively. Moreover, the results of adsorption equilibrium fitted the Freundlich isotherm, indicating a multilayer coverage and heterogeneous surface.
INTRODUCTION
Fluoxetine hydrochloride (benzenepropanamine, N-methylgamma-[4-(trifluoromethyl) phenoxy]-, hydrochloride) (FLU), also known as the tradename Prozac, is a common antidepressant acting as a selective serotonin reuptake inhibitor (SSRI) (Mennigen et al. a; Rubesh Kumar et al. ) . FLU is used for the treatment of many mental illnesses, including major depression, and bipolar, obsessivecompulsive, panic, and eating disorders (Leonard ; Sweetman ) . This antidepressant drug is metabolized in the human liver by isoenzymes of the cytochrome P450 system, into its metabolites, including the demethylated metabolite norfluoxetine that is the only biologically active FLU metabolite (Sandson et al. ) . Generally, a large part of the dose of FLU ingested is metabolized. It has been reported that only 11% of the ingested dose is excreted as unchanged FLU in urine, whereas 7% is excreted as norfluoxetine (Mennigen et al. b) . Due to its potency to desensitize the serotonin receptors, which made it an effective treatment for depression, FLU became one of the most commonly prescribed antidepressants worldwide (Ali et al. ; de Sousa et al. ) . In 2010, over 24 million prescriptions for FLU were filled in the USA only (Verispan ) .
Consequently, the unmetabolized fraction of this large quantity of FLU ingested is released to aquatic systems via the wastewater treatment processes due to the limited ability of conventional treatments to remove FLU from wastewater (Lajeunesse et al. ) . Moreover, the presence and persistence of FLU in aquatic systems are favoured by its resistance to hydrolysis and photolysis that contribute to its stability (Kwon & Armbrust ) . FLU was detected in concentrations of 12 ng/L, 540 ng/L and 100-4,700 ng/kg organic carbon in surface water, and the effluents and biosolids produced by sewage treatment plants, in the USA and Canada, respectively (Kolpin et According to some studies, the high concentrations of FLU in aquatic environment have caused a bioaccumulation of FLU and its demethylated metabolites in wild-caught fish, especially in their brain, liver, and muscle tissues (Mennigen et al. b) . Indeed, previous studies have indicated the concentrations of 0.14-1.02 μg/kg (tissue), 1.58 ng/g (brain), 1.34-70 ng/g (liver), and 0.11 ng/g (muscle tissue) of FLU in some wild fish species (Brooks et al. , ; Chu & Metcalfe ; Ramirez et al. ) . Although these ng/L concentrations of FLU are relatively low, a chronic exposure can affect the metabolism of several aquatic species (Flaherty & Dodson ; Mennigen et al. ; Mennigen et al. a, b) . As FLU can be highly toxic to the environment and aquatic species, the development of new techniques for its adsorption and removal from wastewater are of great interest. In this regard, cyclodextrins are very interesting molecules due to their ability to form inclusion compounds with guest molecules that possess suitable characteristics of polarity and dimension (Hedges ; Szejtli ). Cyclodextrins denominated α-, β-, and γ-cyclodextrins are oligosaccharides constituted of six, seven, or eight glucose units respectively (Saenger et al. ) . The doughnut-shaped structure provides to cyclodextrins a hydrophobic and non-polar cavity containing oxygenbridge and hydrogen atoms. This cavity may permit the formation of water-soluble inclusion complexes with non-polar and low-polarity organic molecules of appropriate size and shape, governed by noncovalent interactions including van der Waals forces, hydrogen bonds and hydrophobic interactions (Saenger et al. ; Ariga & Kunitake ; Denadai et al. a, b; Daoud-Mahammed et al. ) . The bicyclic structure of FLU can permit this molecule to form an inclusion compound by incorporation of the rings A and B into the cavity of cyclodextrin (Ali et al. ) . In addition, the commercial FLU is a racemic mixture of two R-and S-enantiomers that can form two diastereomeric complexes different from each other (Gram ; Ali et al. ) .
The present study has been undertaken to determine the FLU adsorption capacity of a crosslinked β-CD-CMC polymer. The adsorption study was effectuated in an aqueous FLU solution, and the measures made by UV-vis spectroscopy. The Freundlich isotherm was used to analyse the adsorption equilibrium data. The crosslinked polymer was analysed by Fourier transform infrared (FTIR) spectroscopy.
MATERIALS AND METHODS
Materials β-cyclodextrin (98%), epichlorohydrin (99%), sodium borohydride (98.5%), and 10 mg aliquots of fluoxetine hydrochloride were purchased from Sigma-Aldrich Canada Ltd (Oakville, Ont.), sodium carboxymethylcellulose from Univar Canada Ltd (Dorval, QC), and sodium hydroxide beads and acetone from Fisher Scientific Co. (Nepean, Ont.). All these products were used without additional purification.
Preparation and characterization of the crosslinked β-CD-CMC polymer
The crosslinked β-CD-CMC polymer was prepared according to a procedure that has already been described in the literature (Bonenfant et al. ) . The amount of β-CD incorporated into the crosslinked β-CD-CMC polymer was evaluated using an internal standard (Monnier et al. ) . The percentage (%) of β-CD incorporated was calculated as described in Equation (1):
In Equation (1), C f , C x , and C a are the values of the amount of β-CD þ Epi þ CMC added into the preparation of the crosslinked β-CD-CMC polymer, and the amounts of polymer (2 g) and β-CD added (0.43 g) in the mixture, respectively.
FLU adsorption experiments
The adsorption of an aqueous FLU solution at 20 ± 2 mg/L (pollutant) was firstly performed in mixtures containing 0.01, 0.02, 0.03, 0.04, 0.05, 0.10, 0.20, and 0.30 g of crosslinked β-CD-CMC polymer, and 50 mL of pollutant (Figure 1(a) ). As the results from this assay have indicated that the adsorption of FLU onto the polymer reaches the saturation (100%) at 0.20 g of pollutant, this quantity of polymer was selected for the kinetic and isotherm experiments. A second time, the adsorption of the aqueous FLU solution at 20 mg/L was effectuated during 0.5, 1, 3, 5, 10, 15, 20, 30, 60, 120, 180, 240, 480, 720, 960, 1, 200 , and 1,440 min in a mixture containing 0.20 g of crosslinked β-CD-CMC polymer and 50 mL of pollutant. All these adsorption assays were performed in stopped flasks at 25 ± 1 W C and atmospheric pressure under a vigorous agitation. All the assays were made in triplicate. After adsorption, the supernatants were filtered using 0.45 μm pore-sized hydrophilic SFCAmembrane filters and the amount of FLU in the liquid phase was analysed by UV-vis spectroscopy. The polymer loaded during 1,440 min that had been collected after the filtration was washed with 2 L of deionized water, and dried at 60 W C during 24 h.
Determination of the adsorption kinetic of FLU
Among the several existing kinetic models, the pseudosecond-order kinetic was the best model that described the adsorption of FLU onto the crosslinked β-CD-CMC polymer. This kinetic model can be expressed as Equation (2) 
where q t is the amount of FLU adsorbed onto the β-CD-CMC polymer at time t, q e the amount of FLU adsorbed at equilibrium, and k the rate constant of adsorption. Here, q e , k, and the initial rate (kq e 2 ) were evaluated from the linearization (Equation (3)) of Equation (2):
Determination of the Freundlich isotherm constants
The adsorption of FLU onto the crosslinked β-CD-CMC polymer was fitted by Freundlich isotherm. The Freundlich isotherm is expressed as follows:
where q e was previously described (Equation (2) The Freundlich constants K F and 1/n were calculated from the linear form (Equation (5)) of the Freundlich isotherm equation described in Equation (4):
Characterization by UV-vis spectroscopy UV-vis spectra of standard curve samples, pollutant, and aqueous FLU supernatants collected after the assays of FLU adsorption were recorded on a Varian Cary BIO UVvis spectrophotometer with a 10 cm quartz cuvette. For each spectrum, covering the 190-800 region, a baseline was subtracted. Concentrations of FLU contained in the pollutant and supernatants were evaluated from a standard curve established for aqueous FLU solution (y ¼ 0.0173x þ 0.0196; R 2 ¼ 0.9991) at 264 nm (maximum absorption peak of FLU) (Darwish et al. ) .
Characterization by FTIR spectroscopy
Infrared spectra of dried crosslinked β-CD-CMC polymer, inclusion compound β-CD-CMC/FLU, and mixture containing 2 g of crosslinked β-CD-CMC polymer þ 0.43 g of β-CD were obtained using a Varian Excalibur 3100 FTIR spectrometer equipped with a reflexion ATR module, and continuously purged with dry air. For each spectrum, covering the 500-7,900 cm À1 region, 200 interferograms were coadded, apodized and Fourier transformed to give a resolution of 4 cm À1 . Moreover, each spectrum was corrected by the subtraction of a linear baseline in the 800-1,800 cm À1 region.
RESULTS AND DISCUSSION

Characterization of the crosslinked β-CD-CMC polymer and inclusion compound β-CD-CMC/FLU
The results obtained from the FTIR measurements indicated that 100 w% of β-CD was incorporated into the crosslinked β-CD-CMC polymer. These results are in agreement with our previous studies on crosslinked β-CD-CMC polymers (Bonenfant et al. , ). The infrared spectra of the dried crosslinked β-CD-CMC polymer and dried inclusion compound β-CD-CMC/FLU measured in the 800-1,800 cm À1 region are shown in Figure 1 
Determination of the adsorption and adsorption kinetics of FLU onto the crosslinked β-CD-CMC polymer
The results shown in Figure 2 (a) have indicated that the adsorption of FLU onto the crosslinked β-CD-CMC polymer very rapidly increases during the first 20 min (94.9 w%) and reaches a saturation adsorption capacity of 100 w% after 960 min. This high adsorption capacity may be due to the formation of a stable inclusion compound β-CD-CMC/FLU associated with the penetration of FLU aromatic ring (A and/or B) into β-CD cavity, as suggested by the FTIR results, and previous studies (Ali et al. ; de Sousa et al. ) . This inclusion compound may be stabilized by the presence of strong interactions, including Hbonds formed between the 6 0 -OH group of β-CD and the -CF 3 group of FLU that protrudes outside the cavity after the deep penetration of the aromatic ring B, and van der Waals interactions between the FLU ring (A and/or B) and β-CD cavity, as suggested by Ali et al. () and de Sousa et al. () . Moreover, the physical adsorption onto the polymer network can also contribute to increase the interactions between the FLU molecules and crosslinked polymer. The linear plot of t/q t versus t (y ¼ 0.197x þ 0.5161) presented at Figure 2 (b) with a correlation (R 2 ) equal to 1 indicates that the FLU adsorption process onto the crosslinked β-CD-CMC polymer can be described by the pseudo-second-order kinetic model (Liu et al. ; Li et al. ) . The initial adsorption of 1.938 mg/g min, rate constant of adsorption (k) of 0.075 g/mg min, and q e of 5.076 mg of FLU/g of polymer have been calculated from the curve shown in Figure 2 (b) and Equation (3). These results, combined with those of Figure 2 (a), suggest a fast removal of FLU by the crosslinked polymer where the major part of FLU is adsorbed in the first 20 min, whereas the adsorption of the residual 5.1 w% of FLU to reach equilibrium is very slow.
Determination of the adsorption isotherm of FLU onto the crosslinked β-CD-CMC polymer
The adsorption isotherm of FLU onto the crosslinked β-CD-CMC polymer and plot of log q e versus log C e are shown in 
CONCLUSIONS
The results from the present study have revealed that the crosslinked β-CD-CMC polymer has a high affinity for FLU with an adsorption capacity of 5.076 mg of FLU/g of polymer. The adsorption of FLU onto the polymer may be associated with the formation of a stable inclusion compound β-CD-CMC/FLU that occurs through the penetration of the aromatic ring (A and/or B) of FLU into β-CD cavity, and a physical adsorption onto the polymer network. This inclusion compound can be stabilized by the presence of strong interactions including H-bonds between the -CF 3 group of FLU (located close to the β-CD cavity) and the 6 0 -OH group of β-CD, and van der Waals interactions between the FLU aromatic ring and β-CD cavity. Moreover, the adsorption process can be described by the pseudo-second-order kinetic model, and fits the Freundlich adsorption isotherm, indicating that this adsorption process involves a multilayer coverage of FLU onto the crosslinked polymer and heterogeneous surface. Taken together, these results suggest that the adsorption of the fluoxetine hydrochloride by complexation with the crosslinked β-CD-CMC polymer may constitute an effective and advantageous technology to remove this widely used antidepressant drug from wastewater due to the high adsorption capacity of the polymer and non-toxic character of β-CD to human and environment.
